Mastrevirus and have host ranges confined to dicotyledonous and monocotyledonous species, respectively. To investigate viral determinants of host range specificity, chimeras were constructed by exchanging their coding and non-coding regions. BeYDV chimeras containing MSV ORF V1, ORF V2 or small intergenic region sequences, either individually or in various sequential combinations, replicated and produced virus particles in Nicotiana tabacum protoplasts. BeYDV chimeras containing MSV ORFs C1 and C2 and/or the large intergenic region were unable to replicate. None of the chimeras was able to systemically infect either N. benthamiana or maize. Complementation experiments using BeYDV chimeras containing MSV ORF V1 and/or ORF V2 suggest that expression of MSV movement protein and/or coat protein prevents BeYDV movement. The results demonstrate that factors involved in both viral DNA replication and virus movement are exclusively adapted to either monocotyledonous or dicotyledonous host backgrounds.
Bean yellow dwarf virus (BeYDV) and maize streak virus (MSV) belong to the geminivirus genus
Mastrevirus and have host ranges confined to dicotyledonous and monocotyledonous species, respectively. To investigate viral determinants of host range specificity, chimeras were constructed by exchanging their coding and non-coding regions. BeYDV chimeras containing MSV ORF V1, ORF V2 or small intergenic region sequences, either individually or in various sequential combinations, replicated and produced virus particles in Nicotiana tabacum protoplasts. BeYDV chimeras containing MSV ORFs C1 and C2 and/or the large intergenic region were unable to replicate. None of the chimeras was able to systemically infect either N. benthamiana or maize. Complementation experiments using BeYDV chimeras containing MSV ORF V1 and/or ORF V2 suggest that expression of MSV movement protein and/or coat protein prevents BeYDV movement. The results demonstrate that factors involved in both viral DNA replication and virus movement are exclusively adapted to either monocotyledonous or dicotyledonous host backgrounds.
The majority of members of the Geminiviridae genus Mastrevirus, typified by maize streak virus (MSV), infect monocotyledonous species. However, two members have been described, namely tobacco yellow dwarf virus (Morris et al., 1992) and bean yellow dwarf virus (BeYDV ; , that are adapted to dicotyledonous species. Mutational analysis of open reading frames (ORFs) predicted from the nucleotide sequence, and the identification of a complementary-sense intron has indicated that BeYDV encodes four genes that have functionally conserved homologues in other mastreviruses (Liu et al., a, 1998 Gene expression occurs bidirectionally from the large intergenic region (LIR), which contains cis-acting promoter elements that bind host factors and control virion-sense gene expression (Fenoll et al., 1988 (Fenoll et al., , 1990 , as well as the origin of virion-sense DNA replication (ori) (Heyraud et al., 1993 ; Heyraud-Nitschke et al., 1995 ; Sanz-Burgos & Gutie! rrez, 1998) . Virion-sense and complementary-sense genes converge on the small intergenic region (SIR), which contains transcription terminator elements (Wright et al., 1997) . ORFs V1 and V2 encode the movement protein and the coat protein, respectively (Morris-Krsinich et al., 1985 ; Boulton et al., 1993) . BeYDV complementary-sense gene expression is controlled by splicing (Liu et al., 1998) , whereby ORF C1 (RepA) is expressed from unspliced transcript and fused ORF C1C2 is expressed from spliced transcript to produce the replicationassociated protein (Rep). The product of ORF C1 controls virion-sense gene expression (Zhan et al., 1993 ; Collin et al., 1996) and possibly host gene expression (Xie et al., 1995 (Xie et al., , 1996 Collin et al., 1996 ; Grafi et al., 1996) , and Rep is required for nicking and joining DNA strands at the ori during rolling circle replication (Heyraud-Nitschke et al., 1995) .
Their similarity of genome organization and conservation of gene functions implies a common origin for mastreviruses. To investigate the contribution of viral proteins and cis-acting elements to host adaptation, we have constructed chimeric viral DNAs by exchanging ORFs and intergenic regions of BeYDV and MSV.
To facilitate the construction of chimeric viruses, unique restriction sites were introduced into infectious full-length cloned copies of the BeYDV and MSV genomes. Clone MB105 contains a dimeric BamHI insert of MSV-Ns isolate (Boulton et al., 1991) in pUC19. A full-length copy of the MSV genome was transferred to pFastBac1 (Gibco-BRL) as a XhoI fragment to produce pFBMSV, and from this clone to M13mp19 using flanking PstI and SphI sites to produce mpMSV. Mutations were introduced into BeYDV clone mpBYD081 and mpMSV using the MutaGene in vitro mutagenesis kit (Bio-Rad) and the primers summarized in Table 1 . Three rounds of mutagenesis were performed sequentially. Firstly, BstEII sites were introduced at the 3h terminus of ORF V2. Secondly, the unique NdeI and NcoI 
* Modified nucleotides are shown in lower case and introduced restriction sites are underlined. All primers are in the virion-sense orientation. Encoded amino acids are shown either above or below the primer sequence, depending on whether they are encoded by the virion-or complementary-sense sequence, respectively. † BeYDV nucleotide numbering is according to . MSV nucleotide numbering both here and in the text is similar, having been modified from Mullineaux et al. (1984) to start at the nucleotide immediately downstream of the Rep protein nick site. ‡ Restriction site created or removed (in parentheses).
sites within BeYDV SIR and MSV ORF V2, respectively, were removed, and SpeI (BeYDV) and NheI (MSV) sites were introduced at the 3h terminus of ORF C2. Finally NcoI, SalI and NdeI sites were introduced at the 5h termini of ORFs V1, V2 and C1, respectively. The positions of the novel restriction sites in the resulting host range mutants mpBYD-HM and mpMSV-HM are shown in Fig. 1 
(A).
The full-length ClaI insert of mpBYD-HM was transferred either to ClaI\AccI double-digested pBluescript II SKj (Stratagene) to produce pSKBYD-HM a , or to a ClaI-digested modified version of pBluescript II SKj in which the SalI and SpeI sites in the polylinker had been removed, to produce pSKhBYD-HM. A second copy of the ClaI insert was introduced into the unique ClaI site of pSKBYD-HM a to produce pSKBYD-HMd containing a dimer of BeYDV DNA. The pSKBYD-HMd insert was transferred using flanking KpnI and XbaI sites to the binary vector pBINPLUS (van Engelen et al., 1995) to produce pBinBYD-HMd (mutant BeYDV-HM). A dimer of wild-type BeYDV DNA was constructed in a similar manner from the mpBYD081 insert to produce pBinBYD-d (wt BeYDV).
The SphI site in the polylinker of pFBMSV was blunt-ended by mungbean nuclease digestion, and the full-length XhoI insert was transferred as a blunt-end-PstI fragment to a modified version of pBluescript II SKj in which the polylinker XhoI site had been removed. To receive the insert, the modified vector was digested with BamHI and mungbean nuclease (to create a blunt end), and then PstI. SpeI and SalI polylinker sites were then removed from this construct to produce pSKhMSV. The XhoI insert of pSKhMSV was exchanged with that of mpMSV-HM to produce pSKhMSV-HM. A SalI site was introduced into the polylinker of pSKhMSV by exchanging its EcoRI-BamHI fragment with that of pFBMSV to produce pSKdMSV. Clone pSKdMSV-HM, containing only a single XhoI site, was constructed by exchanging the SalI-XhoI fragment of pSKdMSV with the XhoI fragment of mpMSV-HM. Finally, the full-length XhoI insert of mpMSV-HM was introduced into the XhoI site of pSKdMSV-HM to produce FAC Infectivity of BeYDV and MSV chimeras Infectivity of BeYDV and MSV chimeras pSKdMSV-HMd containing a dimer of the mutated MSV DNA. The pSKdMSV-HMd insert was transferred using flanking EcoRI and XbaI sites to pBINPLUS to produce pBinMSV-HMd (mutant MSV-HM). A dimer of wild-type MSV DNA was constructed in a similar manner from the pFBMSV insert to produce pBinMSV-d (wt MSV).
To ensure that the mutations introduced within BeYDV-HM and MSV-HM had not affected cis-acting elements, and that other modifications had not been introduced during mutagenesis, mutant infectivity was investigated by agroinoculation. Agrobacterium tumefaciens containing the Ti plasmid pGV3850 (Zambryski et al., 1983) was transformed by electroporation (Nagel et al., 1990) with binary vector clones containing dimers of the wild-type, mutated and chimeric (described below) viral genomes. Viral DNAs were introduced into maize (Zea mays L. cv. Golden Cross Bantam) and N. benthamiana by agroinoculation (Boulton et al., 1989 ; Tan et al., 1995). Both BeYDV-HM and MSV-HM remained systemically infectious when introduced into N. benthamiana (6\10 plants infected with BeYDV-HM compared with 9\10 plants inoculated with wt BeYDV) and maize (12\12 plants infected with either MSV-HM or wt MSV). In the same experiment, we confirmed that both BeYDV-HM and wt BeYDV were unable to systemically infect maize, and both MSV-HM and wt MSV were unable to systemically infect N. benthamiana.
The complicated procedure chosen for clone construction ensured that the restriction sites introduced into the genomes of BeYDV and MSV by mutagenesis (Table 1 ; Fig. 1 A) occurred only once in pSKhBYD-HM and pSKhMSV-HM. This allowed the BeYDV and MSV chimeras, summarized in Fig.  1 (B) , to be produced simply by exchanging fragments encompassing coding sequences and\or intergenic regions between these clones. Dimers of the chimeras in pBluescript II SKj and pBINPLUS were constructed as described above for the BeYDV and MSV host range mutants.
All 20 chimeras were tested for infectivity by agroinoculation into N. benthamiana (three independent experiments each using nine plants for each chimera) and maize (one experiment using 12 plants for each chimera). None of the chimeras produced a systemic infection in either plant species as judged by the lack of symptoms and inability to PCRamplify virus-specific DNA fragments from plant extracts using the conditions described by The ability of the chimeras to replicate was investigated using protoplasts derived from N. tabacum BY-2 suspension culture (Nagata et al., 1992) as described by Hong & Stanley (1996) . Wild-type and chimeric viral DNAs (1n25 pmol aliquots) were introduced as dimers cloned in pBluescript II SKj derivatives. Protoplasts were harvested after incubation for 5 days at 24 mC, and analysed for viral DNA replication by blot hybridization (Fig. 2) . Chimeras in which one or both of the BeYDV virion-sense ORFs (BeYDV-MV1, BeYDV-MV2 and BeYDV-MVS ; lanes 2, 3 and 8), the SIR (BeYDV-MSIR ; lane 4), or combinations of both (BeYDV-MVSSIR and BeYDV-MV2SIR ; lanes 9 and 10) had been replaced with those from MSV replicated to produce single-and doublestranded viral DNA forms typical of wt BeYDV and BeYDV-HM (lane 11). All other chimeras derived from BeYDV-HM and MSV-HM, in which either the BeYDV complementarysense ORFs or the LIR had been exchanged with those from MSV, were unable to replicate to detectable levels under these conditions ( Fig. 2 and data not shown). Virus particles were detected by immunosorbent electron microscopy (Roberts & Harrison, 1979) in extracts of protoplasts infected with BeYDV-HM, BeYDV-MV2, BeYDV-MVS and BeYDV-SIR using antisera raised against either BeYDV (kindly provided by T. van Tonder and G. Pietersen, Plant Protection Research Institute, Pretoria, RSA) or MSV (Dekker et al., 1988) , as appropriate.
The interaction between geminivirus Rep proteins and their cognate oris is very specific for the Begomovirus and Curtovirus genera (Lazarowitz et al., 1992 ; Fontes et al., 1994 a) . Even strains of a particular virus, for example beet curly top virus (BCTV), may be incompatible in this respect (Stenger, 1994) . It is generally assumed that this will also be the case for distinct mastreviruses, although this has not been addressed. Our data demonstrate that BeYDV-based chimeras in which either the LIR (BeYDV-MLIR) or complementary-sense genes (BeYDV-MCS) have been replaced by those of MSV are no longer able to replicate. As BeYDV C1 protein is not required for replication (Liu et al., 1998) , incompatibility between Rep and cis-acting elements within the LIR may be responsible. Iterated sequence motifs (iterons) that participate in Rep binding (Argu$ ello-Astorga et al., 1994) differ between BeYDV and MSV, and even small changes within such motifs are known to alter binding characteristics (Fontes et al., 1994 b ; Orozco et al., 1998) . However, as wt MSV, MSV-HM (Fig. 2, lane 12) and the chimeras MSV-BV1, MSV-BV2, MSV-BVS, MSV-BSIR, MSV-BVSSIR and MSV-BV2SIR (data not shown) were unable to replicate to detectable levels in N. tabacum protoplasts, replication functions located within the complementary-sense ORFs and\or the LIR must be host-adapted.
The ability of BeYDV-MV1 and BeYDV-MV2 to replicate efficiently in N. tabacum protoplasts demonstrates that neither the movement protein (V1) nor the coat protein (V2) of BeYDV is required for replication. This is consistent with recent mutagenesis studies on BeYDV (Liu et al., 1998) . However, neither of the chimeras is able to initiate a systemic infection in N. benthamiana. This is particularly surprising for BeYDV-MV2 because the MSV coat protein is known to bind to both single-stranded and double-stranded DNA in a sequence non-specific manner (Liu et al., 1997 b) . All replicationcompetent BeYDV chimeras containing the MSV coat protein (BeYDV-MV2, BeYDV-MVS, BeYDV-MVSSIR and BeYDV-MV2SIR) produced high levels of single-stranded DNA in protoplasts. This is generally assumed to be indicative of coat protein synthesis because coat protein mutants are unable to accumulate single-stranded DNA (Boulton et al., 1993 ; Liu et al., 1998) . We have confirmed this by demonstrating that BeYDV-MV2 produces virus particles in protoplasts, indicating that the MSV coat protein can encapsidate the recombinant single-stranded DNA. This is consistent with previous experiments on transencapsidation of geminiviral DNA by coat protein of viruses from different genera ; virus particles were observed in plant extracts infected with an African cassava mosaic virus chimera in which the coat protein ORF had been replaced by that of either MSV or BCTV (Briddon, 1990 ; Briddon et al., 1990) .
Nuclear trafficking and cell-to-cell movement of mastrevirus DNA may require the cooperative action of both coat and movement proteins (Liu et al., 1997 b) , analogous to the mechanism proposed for BV1 and BC1 proteins of the bipartite begomoviruses (Sanderfoot & Lazarowitz, 1995) , and such an interaction can be virus-specific (von Arnim & Stanley, 1992 ; Frischmuth et al., 1993) . Hence, by exchanging either the coat protein (BeYDV-MV2) or movement protein (BeYDV-MV1) individually, their ability to interact productively may be affected. However, this does not explain the observation that BeYDV-MVS and MSV-BVS are unable to systemically infect N. benthamiana and maize, respectively, as both proteins have been replaced by their counterparts from the other virus. The fact that BeYDV-MVS replicates efficiently in N. tabacum protoplasts and produces virus particles strongly suggests that coat protein and\or movement protein is unable to interact functionally with cellular factors in the non-host background, preventing virus movement.
BeYDV mutants defective in movement protein, coat protein, C1 and Rep protein synthesis (mutants V1" -"(, V2" -""%, ∆intron and C2" -'*, respectively) can systemically infect N. benthamiana when the appropriate gene product is provided in trans by a co-infecting virus (Liu et al., 1998) . However, we have been unable to systemically infect N. benthamiana by coagroinoculating BeYDV-MV1 with either V2" -""%, ∆intron or C2"
-'*, BeYDV-MV2 with either V1" -"( or ∆intron, and BeYDV-MVS with ∆intron (using groups of nine plants in each experiment). As these chimeras may be unable to move from cell to cell, it is possible that the lack of complementation results from the failure to introduce the co-agroinoculated FAE constructs into the same cell. We consider this to be unlikely because, using the same agroinoculation procedure, efficient complementation has been demonstrated for various combinations of movement-and replication-defective mutants that require delivery to the same cell to initiate a productive infection (Liu et al., 1998) . An alternative explanation is that the MSV proteins expressed from the BeYDV-based chimeras may function as dominant negative mutants, possibly by nonproductive binding between viral proteins or with cellular factors, as suggested for begomovirus movement proteins (von Arnim & Stanley, 1992 ). This will also explain why BeYDV-MV1 alone is unable to systemically infect N. benthamiana even though the BeYDV mutant V1" -"( is able to do so (Liu et al., 1998) .
BeYDV-MSIR replicated efficiently in N. tabacum protoplasts (Fig. 2, lane 4) and produced virus particles, demonstrating that changes to the SIR are tolerated during replication and encapsidation. However, the chimera was unable to systemically infect N. benthamiana, implying that it contains cis-acting elements that contribute to host range determination. Differences in transcription termination signals located within the SIR may be a contributory factor. Also, exchanging SIRs may have an adverse effect on the production of the putative primer for double-stranded DNA synthesis, complementary to part of the SIR sequence, that is encapsidated with genomic single-stranded DNA (Donson et al., 1984 ; Hayes et al., 1988 ; Morris et al., 1992) . It is noticeable that the replication efficiency and double-stranded DNA accumulation of chimeras in which both the SIR and ORF V2 had been exchanged (BeYDV-MV2SIR and BeYDV-MVSSIR) was less than when either the SIR (BeYDV-MSIR) or ORF V2 (BeYDV-MV2 and BeYDV-MVS) had been exchanged (Fig. 2) . Such a cumulative effect suggests that sequences within the SIR and ORF V2 influence viral DNA replication, but that this is manifested in dividing protoplasts only when both regions are exchanged. Hence, it is possible that BeYDV-MSIR is less competent for replication than wild-type virus, and this may contribute to its inability to cause a systemic infection in plants.
